Abstract. Using Fourier frequency resolved spectroscopy technique we analyze energy dependence of the aperiodic variability in the luminous LMXBs. Based on the RXTE observations of GX340+0 and 4U1608-52 we find that the energy spectra of aperiodic variability at high frequencies (f > 0.5 − 5 Hz, depending on the position on the Z-diagram) including the continuum noise, horizontal/normal branch QPOs and kHz QPOs have nearly identical shape. This fact, combined with high degree of coherence and nearly zero phase lags between different energies indicates that observed variability results from oscillations of the same emission component presumably associated with the same, distinct component of the accretion flow. Importantly, these results indicate that both kHz QPO originate in the same region as the bulk of the aperiodic variability and low frequency QPOs. The energy spectrum of this variable component is significantly harder than the average spectrum, is inconsistent with simple models of the accretion disk emission and can be roughly described by a Comptonized blackbody emission with kT ∼ 2 keV. We speculate that the variable component might correspond to the emission from the boundary layer near the surface of the neutron star. The emission of the accretion disk has softer energy spectrum, is significantly less variable and contributes to observed flux variation at sufficiently low frequencies only.
Introduction
It is believed that in non pulsating neutron star X-ray binaries the magnetic field of the neutron star is too weak to influence the accretion flow. Therefore the accretion disk in this case can extend down to the surface of a neutron star. If rotation of a neutron star is slow (in comparison with a Keplerian rotation of a matter around it), a boundary layer will develop between the accretion disk and the neutron star surface. This boundary layer can contribute more than a half to the total energy release of the accretion flow (see e.g. Sunyaev & Shakura 1986 , Sibgatullin & Sunyaev 2000 , and, consequently, can lead to an appearance of a powerful component of an X-ray spectrum of the binary.
X-ray observations of luminous neutron star binaries (LNSB) showed that they have soft composite spectrum, consisting of two components. Usually these components are ascribed to an optically thick emission of the accretion disk (Shakura & Sunyaev 1973 ) and the neutron star surface (see Mitsuda et al. 1984 , White et al. 1988 .
It appeared that spectra of these two components are quite close to each other in shape and it is hard Send offprint requests to: mikej@mpa-garching.mpg.de to distinguish them accurately, especially using on spectral information alone. Best fit parameters of models, used for the approximation of the data obtained by various instruments could strongly differ (compare e.g. Mitsuda et al. 1984 , Di Salvo et al. 2001 . Therefore, the problems are with systematics rather than statistics. However, accurate decomposition of spectra of luminous neutron star X-ray binaries could be of great interest.
The first attempt to distinguish spectral component using not only spectral approximations was made in the paper of Mitsuda et al. (1984) . In this paper the authors showed that combined spectral and timing information indicate that two different spectral components have different patterns of X-ray variability. The harder (boundary layer) component was found to be variable on time scales of tens of minutes, while softer (the multicolor accretion disk) component was relatively stable. Recently, the very similar behavior of optically thick accretion disk was found in black hole binaries. In the paper of Churazov et al. (2001) it was shown for the case of Cyg X-1 in the soft state, that at frequencies higher than 10 −2 − 0.1 Hz the accretion disk flux variations are at least an order of magnitude lower than that of the hard component.
Therefore we can conclude that there is a number of indications that in black hole and neutron star X-ray binaries the optically thick accretion disk variability is considerably weaker than that of any other spectral components. This fact is very important and could immediately be used for a segregation of the emission components.
The most straitforward way to pick up the variable component was used in the paper of Mitsuda et al. (1984) . Authors used spectra of sources averaged over different periods of time and the subtraction of one spectrum from another gave them the variable component. Here, however, we would like to propose to use another method to investigate the variability of sources -frequency resolved spectral technique (see e.g. Revnivtsev et al. 1999 ). This method allows us to improve statistics significantly and, that is more important, allows us to investigate the properties of high frequency variability, in particular the properties of different quasi-periodical oscillations.
It is well known that the X-ray variability of LNSB, generally speaking, could be divided into two main phenomena: continuum noise and quasiperiodical oscillations (QPOs) at Fourier frequencies from several mHz to more than a thousand Hz (see e.g. Hasinger & van der Klis 1989 , van der Klis 2000 . In turn, all neutron star QPOs usually could divided into four main classes: a tens of hertz QPOs (e.g. Horizontal Branch Oscillations, f ∼20-50 Hz), a few hertz QPOs (e.g. Normal Branch Oscillations, f ∼1-10 Hz), kilohertz (kHz) QPOs (f ∼200-1200 Hz), millihertz (mHz) QPO (f ∼5-9 mHz). In this paper we would consider all these types of continuum and QPO variability, except mHz oscillations, because it could possibly have non accretion origin (see Revnivtsev et al. 2001) .
Frequency resolved spectral technique of the investigation of the variability of X-ray binaries was introduced in Revnivtsev et al. 1999 . Essentially, frequency resolved spectrum is an energy dependent rms amplitude of a source variability, expressed in absolute (not fractional) values. One of advantages of frequency resolved spectra before simple fractional rms -energy dependence is our ability to use usual (response folded) spectral approximations in order to describe them. One should keep in mind that the interpretation of frequency resolved spectra often is not straightforward and strongly depends on a priori assumptions. However, in some cases the implication of this method could be quite fruitful -see e.g. paper of Revnivtsev et al. 1999 , Gilfanov et al. 2000 .
The simplest situation, when frequency resolved spectra could be easily interpreted is the following. Let us imagine that a source spectrum consists of two components, one is variable as a whole (only the normalization of the spectrum variates) at some frequencies, the other is perfectly stable. In this case the variable component will be directly seen as a frequency resolved spectrum, while the other (stable) component could be easily determined from the average and frequency resolved spectra.
Note here, that in the described case X-ray flux in all energy channels will variate coherently, with zero time/phase lag between energy channels. In case of significant phase lag between observed X-ray flux in different energy channels the interpretation of frequency resolved spectra become much more ambiguous. In particularlarge phase lag between energy channels could mean that the source spectrum variates not a a whole, but changing its form in some complex way (e.g pivoting). And in this case the frequency resolved spectra, which have lost flux phase information, would have nothing in common with the variable spectral component.
It is observed, that in the case of LNSBs (e.g. Cyg X-2, Sco X-1, GX5-1 etc.) the coherence of Xray fluxes in different energy channels is high and the phase lags between them at all Fourier frequencies (∼0.1-30 Hz), including different QPOs, is always smaller than ∆φ < 0.1, at least at energies higher than 4-5 keV (see e.g. Vaughan et al. 1994 , Vaughan et al. 1999 , Dieters et al. 2000 . This provide us a strong basis for using the frequency resolved spectral technique.
The data

GX340+0
In order to investigate main properties of QPOs and the continuum variability (all phenomena at Fourier frequencies higher than f ∼ 0.1 Hz) of neutron star binaries in their soft (high luminosity) state we chose the largest available instrument -spectrometer PCA of the RXTE observatory, and we chose one the brightest sources, which data in the RXTE archive combine large number of energy channels with relatively high time resolution -GX340+0 (Z-source, according to classification of Hasinger & van der Klis 1989) . In our analysis we used the set of observations performed from Sep.21 to Nov. 4, 1997 (20053-..) . These observations (∼178 ksec net exposure) provide us ∼31 energy channels in 3-20 keV energy band with 2 msec time resolution. The detailed timing analysis of these data was presented in paper of Jonker et al. (2000) .
The reduction of the PCA data was performed with the help of standard procedures from FTOOLS/LHEASOFT 5.1 package. Spectral approximations were made using the XSPEC package. In all spectral approximations the interstellar absorption N H L = 5 · 10 22 cm −2 was included. In Fig.1 we present the intensity-color diagram of GX340+0 calculated for used set of observations. Data were analyzed separately for several regions of Z-diagram (these regions are shown by polygons in Fig. 1 ), because it is well known that both spectral and timing properties strongly depend on it.
4U1608-52
The kHz QPOs are sufficiently weak in the case of GX340+0 (especially the upper kHz QPO), and the available data do not provide us enough sensitivity to study kHz QPOs in this source. Therefore, in order to investigate the properties of two kHz QPOs together with lower frequency variability we chose the source 4U1608-52. Fig. 3 . Energy spectra of continuum noise (frequency band 4-8 Hz) and the horizontal branch QPO (f ∼20-30 Hz). Data were collected over Z=0-0.25, where the QPO strength is maximal. Lower panel represents the ratio of these two spectra. It is seen that spectra are almost identical, as it is allowed by the values of statistical uncertainties
The data of proposal P30062 provide us enough energy and timing resolution. We chose 4 observations (30062-02-01-00, ...-000, ...-01, ...-02). Detailed analysis of kHz QPOs in these observations was presented in Mendez et al. 2001 . During these observations the source demonstrated very powerful lower kHz QPO at frequencies from ∼600 Hz to ∼800 Hz, upper kHz QPO at frequencies ∼300 higher and some variability at frequencies around ∼40 Hz. Our aim is to compare the energy spectra of these three types of variability
Variability at Z≈0-0.25. General results
The strongest variability in X-ray flux of GX340+0 is usually observed at the beginning of Horizontal Branch (see e.g. Jonker et al. 2000) . Also it is observed that parameters of variability, such as frequency of QPO, amplitudes of continuum noise and QPO etc. strongly variate over Horizontal Branch (i.e. over Z=0-1). In order to avoid strong evolution of variability parameters in our analysis we first considered the data averaged over interval Z=0-0.25. The power spectrum of X-ray flux of GX340+0, averaged over this region is presented in Fig. 2 .
The main results of our analysis could be summarized as following:
1. Frequency resolved spectra of GX340+0 calculated for Z=0-0.25 do not depend on Fourier frequency down to the available accuracy, as long as f > ∼ 0.5 Hz. On lower panels the ratios of the data to the used models are presented Frequency resolved energy spectra of the continuum noise and the frequency resolved energy spectrum of QPO (HBO) are very similar to each other (see Fig.3 ,5) 2. The spectrum of this variable component could be roughly approximated by a black body model with kT bb ∼ 2.2 keV. However, spectrum seems to be slightly harder (see Fig.4 ). It could be much better approximated by a model of comptonized black body emission. We used COM P P S model (Poutanen & Svensson 1996) of XSPEC package to describe it. The temperature of black body is approximately kT ∼ 1.8 keV. The constrains on the temperature of comptonizing electrons are quite poor, but it should be of the order of 20-40 keV. The optical depth of this comptonizing region is τ ∼0.05-0.1. 3. The frequency resolved spectrum of GX340+0 (at f > ∼ 0.5 Hz) could be used as a hard spectral component of its average spectrum (see Fig 5) . The other, soft, spectral component of an average spectrum could be described by multicolor accretion disk model, similar to results of Mitsuda et al. (1984) . The obtained value of inner disk temperature in this model (DISKBB model of XSPEC package) is of the order of kT max ∼ 1.6−1.7 keV. The inner radius of the accretion disk in the model R in ∼ 10 km (taking distance to the source D ∼ 8 kpc, and the inclination θ ∼ 60 • ). One should keep in mind that such estimation of the inner radius of the accretion disk could be highly contaminated resolved spectra became softer. These spectra could be described by an introduction of an additional soft component, e.g. the same as in the average spectrum. The strength of this soft component rises with decreasing Fourier frequency. Presumably it is caused by the increase of the contribution of the accretion disk emission to the total variability of the source X-ray flux.
Evolution along Z-track
The amplitude of variability of GX340+0 strongly decreases along Z track (see e.g. Jonker et al. 2000) . Therefore it is hard to construct statistically significant frequency resolved spectrum for any Fourier frequencies higher than 0.5-1 Hz. We have succeeded to obtain high statistical significance only for the energy spectrum of Normal Branch Quasi-periodic oscillations (NBO). However, assuming, similar to the case of Z=0-1 (see above), that the energy spectrum of QPO represents the hard component of the average spectrum we also can use it for the spectral decomposition. Results of spectral a Accuracy of these values mostly depends on the systematical uncertainties of the used method/models rather than statistical quality of the data. We estimated the uncertaity of our decomposition at the level of ∼2-5%.
decomposition at Z=0-1, Z=1-1.5 and Z=1.5-2 are presented in Fig.6 , 7 and 8 and Table 1 . One can see that the shape and relative contribution of two spectral components changes, while qualitative picture remains the same. The only exception from the described behavior could be found at Z=3-4. The spectrum at such Z changes in quite complicated way and is beyond the scope of the present paper.
kHz QPOs
Unfortunately, the kHz QPOs in the flux of GX340+0 are quite weak (see e.g. Jonker et al. 2000) . The available statistics in the case of GX340+0 is not enough for our purposes. It allows to see the QPO in whole energy band, but does not allow to follow its energy dependence. Therefore, in order to analize the energy spectra of kHz QPOs we used another source, which would provide us enough statistics. 4U1608-52 seems to be the perfect candidate. In the analyzed data (see description of the data in section 2.2) the source demonstrated quite powerful lower kHz QPO with very high corehrence. The measured f /∆f of this QPO is of the order of ∼100-200. The upper kHz QPO is weaker and much broader. Because of that it is much less significant but still visible. Detailed analysis of Fig. 9 . Power spectra of 4U1608. Left: power spectrum averaged over all used observations. Right: power spectrum, obtained by "shift-and-add" averaging method in order to improve statistics of kHz QPOs.
kHz QPOs in the flux of this object could be found in Mendez et al. 2001 , Mendez et al. 1999 . Here we are interested only in the energy spectra of these QPOs.
In order to improve statistics of kHz QPOs we used "shift-and-add" method of averaging the power spectra, calculated during a set of 128-sec intervals (see Mendez et al. 2001 ). The power spectra of 4U1608-52 obtained by simple averaging and "shift-and-add" averaging are presented in Fig. 9 . The obtained energy spectra of QPOs, along with the average spectrum of 4U1608-52 during the same period of time, are presented in Fig. 10 . It is seen that the energy spectra of all QPOs (two kHz QPOs and ∼40 Hz QPO) are quite similar to each other. These spectra could be approximately described by a blackbody spectral model with the characteristic temperature kT bb ∼ 2 keV. Note here, that similarity of energy spectra of two kHz QPO is consistent with the similarity of the rms-energy dependences of these QPOs, presented in Mendez et al. 2001 . Similarity of energy spectra of three analysed QPOs allows us to tentatively conclude that variability of 4U1608-52 at all Fourier frequencies, similar to the case of GX340+0, have same energy spectrum. And this energy spectrum is much harder than the average spectrum of the source at the same time. Using this hard energy spectrum as a spectral component for decomposition of the average spectrum we can derive the shape of the another (soft) component. This soft component could be approximately described by a multicolor black body disk model (Shakura & Sunyaev 1973 ) with the maximal disk temperature around kT max ∼1.3 keV. Spectral components, obtained by the described decomposition are presented by dashed and long dashed lines in Fig. 10. 
Discussion
As shown in the previous sections, the energy spectra of various aperiodic variability components at high frequencies, including continuum noise, horizontal/normal branch QPOs and kHz QPOs are consistent with each other (Fig. 3,5,10 ). On the other hand extensive analysis of the aperiodic variability phenomenon in the neutron star binaries has demonstrated high degree of mutual coherence and negligibly small time lags between the light curves in different energy bands (e.g. Vaughan et al. 1994 , Vaughan et al. 1999 , Dieters et al. 2000 . These results combined together lend support to straightforward interpretation of the frequency resolved spectroscopy results, leading to the following conclusions:
1. different components of aperiodic variability above f > ∼ 0.5 Hz (depending on the position on Z-diagram) result from variations of the same emission component 2. the bulk of the variability is due to variations of the total flux of this emission component, rather than it's spectral shape. 3. the spectrum of the emission component, responsible for most of the observed aperiodic varibility of the Xray flux is significantly harder that the average spectrum of the source and is inconsistent with simple models of the emission of the optically thick accretion disk (Fig. 4-8, 10 ).
It is plausible to associate this variable emission component with a distinct component of the accretion flow. Fig. 10 . Energy spectra of 4U1608-52. From top to the bottom: the average spectrum of the source, the energy spectrum of lower kHz QPO, the energy spectrum of upper kHz QPO, the energy spectrum of 40 Hz QPO. Average spectrum is decomposed into multicolor blackbody component (short dashed line) and neutron star component (COMPPS, long dashed line).
Based on theoretical consideration and observational results it is believed, that in the case of sub-or nearEddington accretion onto slowly rotating weakly magnetized neutron star there are two major component of the accretion flow: the optically thick accretion disk and the boundary layer near the surface of the neutron star. We argue, that the emission component responsible for the most of the aperiodic variability observed in the luminous accreting neutron stars originates in the boundary layer. Several considerations lend support to such a conclusion.
Although no detailed theory of the boundary layer including self-consistent treatment of the radiation transfer exists, simple theoretical arguments suggest that the spectrum of the boundary layer emission might be significantly harder than that of the optically thick accretion disk (Shakura & Sunyaev 1988 , Inovamov & Sunyaev 1999 , Popham & Sunyaev 2001 . Complexity of the X-ray spectra of the accreting neutron stars precludes easy decomposition into accretion disk and boundary layer components and direct check of the theoretical models for the emission of the optically thick accretion disk. On the other hand, analysis of the spectral properties of the accreting black holes in the soft spectral state shows that the simple multicolor disk model can approximately describe the disk emission. As noted above, the spectrum of the emission component, responsible for the observed aperiodic varibility is significantly harder that the average spectrum of the source. In particular, it is inconsistent with the multicolor disk model with the parameters, plausible for a neutron star accreting at a fraction of the Eddington rate (Fig. 4-8, 10 ). Recent study of the aperiodic variablity in the soft spectral state of the black hole binaries indicates that most of the observed variability could be attributed to hard Comptonized emission, whereas the soft component corresponding to the emission from the optically thick disk is significantly less variable.
Based on these, admittedly indirect, evidence, we can tentatively conclude that emission of the boundary layer is responsible for major part of the observed aperiodic variability in the X-ray band. The acretion disk emission, on the contrary, is significantly less variable. Therefore the energy spectrum of variable component might be representative of the spectral shape of the boundary layer emission and can be used to discriminate between the boundary layer and the accretion disk emission in the average spectrum. We found, that in accord with these arguments, the average spectrum can be adequately described as a sum of the boundary layer emission, which shape is defined by the spectrum of variable emission, and multicolor accretion disk emission (Shakura & Sunyaev 1973 ) with parameters, plausible for a neutron star accreting at a fraction of Eddington rate (Fig.5-7, 10) .
At low fourier frequencies the spectrum of the variable emission becomes softer, possibly indicating that contribution of variability of the accretion disk flux increases (Fig.5) . The boundary, at which the spectrum of variable emission changes depends on the position on the colorcolor diagram and for the upper tip of the horizontal branch, Z < ∼ 0.25, is f ∼ 0.5 Hz. Such behaviour indicates, that the power spectrum of the accretion disk flux variations is different from that of the boundary layer and does not extend significantly to the high frequency domain.
Decomposition of the average spectrum into boundary layer and disk emission suggested above gives a possibility to estimate relative contributions of these two components to the total observed luminosity. It turns out, that the relative contrubution of the boundary layer estimated in such way changes depending on the position on the colordiagram, decreasing from ∼ 50% at Z ∼ 0 − 1 to ∼ 20% at Z ∼ 1.5 − 2.0 (Table 1, Fig.6-7) . Simultaneously, the fractional rms of aperiodic variability also decreases from 7-10% to 0.5 % (see e.g. Jonker et al. 2000) . These two facts are in qualitative agreement with each other and indicate, that contribution of the boundary layer emission to the observed X-ray luminosity might be indeed decreasing along the Z-track in the color-color diagram. Note, that in the conventionally accepted interpretation of the colorcolor diagram the decrease of the boundary layer contribution would correspond to increase of the mass accretion rate.
From theoretical point of view, in the case of a slowly rotating neutron star, the boundary layer contribution to the total accretion energy release in the binary system should exceed ∼50-60% (Sunyaev & Shakura 1986 , Sibgatullin & Sunyaev 2000 . In the classical picture of accretion this fraction is defined by the rotation period of the neutron star and the inner radius of the accretion disk. Therefore, as long as the accretion disk extends all the way down to the surface of the neutron star, the boundary layer fraction in the total energy release should not depend on the spectral state of the source (defined presumably by the mass accretion rate) i.e. on it's position on the color-color diagram. Decrease of the relative contribution of the boundary layer to the observed X-ray emission could be understood, e.g. if significant outflow of the accreting matter was taking place in the immediate vicinity of the neutron star, decreasing the mass inflow to the boundary layer region. Another possibility might be screening of the boundary layer emission by the accretion disk, occurring e.g. due to increase of the geometrical thickness of the disk at high values of the accretion rate. In this case the geometrically thick accretion disk might intercept significant fraction of the boundary layer emission and re-emit it diluting the aperiodic variability signatures. The change of the relative contribution of the boundary layer and the accretion disk might be the primary reason of the evolution of the spectral and timing properties of the accreting neutron stars along the Z-track in the colorcolor diagram.
The kHz QPOs originate from variations of the same emission component as other components of the aperiodic variability, observed at lower fourier frequencies. In the above picture this implies, that the kHz QPO is not an accretion disk phenomenon, but rather originates in the boundary layer, possibly due to boundary layer -accretion disk interaction, thus restricting class of the models suggested for their explanation.
